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INTRODUCTION 
The predic t ion  and the  preventioo of f l u t t e r  on f i g h t e r  a i r c r a f t  
carrying s t o r e s  is a subjec t  which is current ly  receiving widespread 
a t t en t ion  ( for  example, s e e  r e f .  1). Because t a c t i c a l  a i rp lanes  such 
as  the  I?-16, shown i n  f igure  1, carry  a va r i e ty  of external  s t o r e s ,  
numerous po ten t i a l ly  f l u t t e r  c r i t i c a l  s t o r e  combinations must b e  
evaluated during f l u t t e r  clearance s tudies .  The addi t ion  of ex te rna l  
s to re s  t o  the  wing changes the s t r u c t u r a l  dynamics of t he  a i rp l ane  
usually r e su l t i ng  i n  a reduction of f l u t t e r  speed. 
Tile f l u t t e r  prevention and clearance t a sk  f o r  the F-16 a i rp l ane  
is being accomplished i n  a combined analys is ,  wind-tunnel dynamic- 
model t e s t ,  and f l i g h t  f l u t t e r  t e a t  program. The purpose of t h i s  paper 
is t o  present  some r e s u l t s  obtained from t ransonic  f l u t t e r  model s tud ie s  
of the F-16 a i rp lane  with external  wing s to re s .  The f l u t t e r  model was 
constructed t o  support t he  f l u t t e r  prevention and clearance program 
from preliminary design through f l i g h t  f l u t t e r  t e s t s .  The wind-tunnel 
r e s u l t s  were used t o  demonstrate t he  required f l u t t e r  speed margin and 
t o  ver i fy  ana ly t i ca l  methods. Approximately 270 wing-store configurations 
have been iden t i f i ed  f o r  the F-16 a i rp l ane  from t h e  21 take-off s t o r e  
loadings shown i n  f igure  2. The vas t  majority were found by analys is  t o  
present  no problem. A few loadings were found t o  b e  marginal from a 
f l u t t e r  standpoint  with respect  t o  t h e  required f l u t t e r  margin of s a fe ty .  
The f l u t t e r  model t e s t  configurations were chosen t o  include the  marginal. 
loadings along with a representa t ive  cross-section of s t o r e  weights and 
shapes and those configurations ..a be f l i g h t  f l u t t e r  tes ted .  
The model t e s t s  were conducte-l i n  t he  National Aeronautics and Space 
Administration's Langley t ransonic  dy,.?mics tunnel. This f a c i l i t y  was 
spec i f i ca l ly  designed (refs.  2 dnd 3) f o r  experimental s tud ie s  on f l u t t e r  
and other ae roe la s t i c  phenomena. The quarter-scale,  ful l-span,  free- 
f ly ing  transonic f l u t t e r  model was designed and constructed by the Fort  
Worth Division of General Dynamics Corporation. The model was dynamically 
and ae roe la s t i ca l ly  scaled t o  simulatb the  F-16 a i rp l ane  during sea  l eve l  
f l i g h t  a t  Nach number of 1.2. The quarter-scale F-16 model wind-tunnel 
t e s t  program was i n i t i a t e d  i n  June 1975 and continued i n t o  March -977. 
One hundred and forty-nine model configurations were tes ted  during four 
tunnel  e n t r i e s  made during t h i s  period, 86 days of t e s t ing .  The f i r s t  two 
en t r i e s  were preliminary tesrc, where the model design was based on cal-  
culated values of a i rp lane  mass, s t i f f n e s s ,  and v ib ra t ion  modes. For 
e n t r i e s  three and four Lhe model was updated t o  incorporate measured 
a i rp lane  mass and s t i f f n e s s .  
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The quar te r - sca le  f l u t t e r  model is  shown i n s t a l l e d  i n  t h e  Langley 
t ransonic  dynamics tunne l  i n  f i g u r e  3. The model i s  suspended i n  t h e  
wind-tunnel t e s t  s e c t i o n  by a  c.wo-cable mount system. Ttie u s e  of t h e  
two-cable mount system ( r e f .  4) a l lows c l o s e  s i m u l a t i o n  of t h e  f r e e -  
f l i g h t  rigid-body modes of complete a i r c r a f t  i n  t h e  wind tunnel .  The 
system c o n s i s t s  of a  p a i r  of  c a b l e s  which pass  through p u l l e y s  i n  t h e  
model; one c a b l e  extends upstream ic a h o r i z o n t a l  p l a n e  and t h e  o t h e r  
extends downstream i n  a  v e r t i c a l  plane.  The c a b l e  mounted model was 
"flown" i n  t h e  wind t u n n e l  by means of  remotely c o n t r o l l e d  h o r i z o n t a l  
t a i l s  which provided r o l l  and p i t c h  t r i m  c o n t r o l .  
MODEL FABRICATION 
The wing, h o r i z o n t a l  t a i l ,  and v e r t i c a l  t a i l .  were a l l  c o n s t r u c t e d  
i n  a  s i m i l a r  manner. Precured f i b e r g l a s s  s k i n s  were bonded t o  a con- 
toured Nomex honeycomb core .  A machined aluminum f i t t i n g  was bonded t o  
t h e  r o o t  of each s u r f a c e  t o  provide a  means of attacllment t o  t h e  fuse- 
l age .  Proper  mass d i s t r i b u t i o n s  f o r  each s u r f a c e  were ob ta ined  dur ing  
assembly by use of  b a l l a s t  weights  which were a  mixture of t u n g s t e n  
ch ips  and epoxy r e s i n .  The wing inc luded  leading-edge and t r a i l i n g - e d g e  
devices.  The leading-edge a c t u a t o r  s t i f f n e s s  was s imulated by f o u r  
tuned s t e e l  s p r i n g s .  The f laperon  a c t u a t o r  r e s t r a i n t  s t i f f n e s s  was 
s imulated by a  s t e e l  s p r i n g  a t  t h e  r o o t .  The wing assembly was b o l t e d  
t o  s t e e l  support  beams which a r e  r i g i d l y  a t t ached  t o  t h e  f u s e l a g e  s p a r .  
The fuse lage  c o n s i s t s  of  a  t h i n  w a l l  s t e e l  s p a r  box wi th  f i b e r g l a s s  
s h e l l  s e c t i o n s  a t t a c h e d .  The n i n e  s h e l l  s e c t i o n s  a r e  of sandwich 
constructioi:  wi th  f i b e r g l a s s  s k i n s  bonded t o  Nomex core .  A flow 
through i n l e t  duct  was i n s t a l l e d  on t h e  model t o  i n s u r e  c o r r e c t  flow 
around t h e  fuse lage .  This  i n l e t  duct  is a f i b e r g l a s s  s h e l l  w i t h  a  
c ross -sec t iona l  a r e a  s i z e d  t o  e s t a b l i s h  t h e  proper  flow c o n d i t i o n s  a t  a  
s imulated s e a  l e v e l  a l t i t u d e  and a  Mach number of 0.90. 
!JING PYLON STOKE STATIONS 
- 
A s  shown i n  f i g u r e  4,  e x t e r n a l  s t o r e s  can be  mounted a t  n i n e  s t a t i o n s - -  
one on t h e  fuse lage  c e n t e r l i n e ,  s i x  under tile wing, and two a t  t h e  wing 
t i p s .  E l e c t r o n i c  countermeasure pods, bombs, and f u e l  tanks a r e  examples 
of s t o r e s  c a r r i e d  on t h e  f u s e l a g e  c e n t e r l i n e .  Three types of f l e x i b l e  
pylons ( f u e l ,  weapons, adap te r )  a t t a c h  t o  wing h a r d p o i n t s .  F l e x i b l e  
pylon l o c a t i o n s  a r e  shown i n  f i g u r e  4 a s  a  f r a c t i o n  of  wing semi-span. 
The f u e l  tank s t o r e  s t a t i o n s  a r e  l o c a t e d  inboard (0.37) near  t h e  fuse lage .  
The air-to-ground s t o r e s  a r e  c a r r i e d  a t  t h e  weapons s t a t i o n  l o c a t e d  out-  
board of t h e  wing mid-span (0.63) and a t  t h e  inboard s t a t i o n .  (0,37) .  
Ai r - to -a i r  m i s s i l e s  a r e  c a r r i e d  on an a d a p t e r  pylon (0,83) and on a  
launcher  l o c a t e d  a t  t h e  wing t i p .  


I n  support of t he  wind-tunnel t e s t s ,  f l u t t e r  analyses were made a t  
Mach numbers of 0.9 and 1.2 f o r  each configuration t o  be  t e s t ed .  These 
ca lcula t ions  were made by Dave Shelton, Darlene Watts, and Paul Waner of 
the  General Dynamics Corporation. The aerodynamic representa t ion  used 
i n  the wing-store analyses was based on the  technique developed by 
Cunningham i n  reference 5. 
It was found t h a t  the  analys is  gave a conservative predic t ion  of t he  
wind tunnel  t e s t  r e su l t s .  Differences between the  analyses and t e s t  
r e s u l t s  a r e  a t t r i bu ted  t o  the  d i f f i c u l t i e s  i n  accura te ly  predic t ing  t h e  
f l u t t e r  speed of lowly damped roots.  I n  cases where the  a n a l y t i c a l  and 
model experimental r e s u l t s  d i f f e r ,  the  model r e s u l t s  a r e  considered t o  be  
moru r e l i a b l e  i n  predic t ing  f u l l  s c a l e  a i rp l ane  f l u t t e r  cha rac t e r i s t i c s .  
RESULTS AND DISCUSSIONS 
Highlight r e s u l t s  from the  wind-tunnel model s tud ie s  a r e  presented 
i n  t h i s  sec t ion .  The wind-tunnel model r e s u l t s  a r e  presented i n  the  form 
of a reference equivalent airspeed r a t i o  v/vREF a s  a funt ion  of Mach 
number. The following topics  are. covered here in :  
1. Asymmetrical Store Configurations Have Higher F l u t t e r  Speeds 
2. F l u t t e r  Speed With Air-To-Air Missi les Increased by Use of Ba l l a s t  
3. Low Damping Precedes Flu t te-  ' cl GBU-8/B Heavy Bomb 
4. External Fuel Tank Usage '6. r . .* 
ASYMMETRICAL STORE CONFIGURATIONS HAV% HIGHER FLUTTER SPEEDS 
Asymmetrical external  s t o r e  configurations a r e  poss ib le  f o r  an 
a i rp lane  such a s  the F-16; t ha t  is ,  the  s t o r e  loading on one wing d i f f e r s  
from tha t  on the o ther .  The use of a complete f l u t t e r  model flown on the  
two-cabla aount system allows f o r  experimental f l u t t e r  clearance of 
asymmetrical external  s t o r e  configurations.  A procudure of ten  used ( r e f s .  
6 and 7) t o  reduce the  s i z e  of the  f l u t t e r  preventfan task  is  t o  analyze 
a l l  configurations as  being ca r r i ed  symmetrically. The assumption i s  
t ha t  asymmetric configurations a r e  inherent ly  more s t a b l e  than symmetric 
configurations.  Experimental evidence t o  support t h i s  assumption f o r  the 
F-16 is presented i n  f igu re  5. For the  syminetrical f u e l  tank and under- 
wing miss i le  configuration sho-m a t  the  top of f igure  5 ,  antisymmetric 

f l u t t e r  occurred a t  a r e f e r e n c e  equiva len t  a i r s p e e d  r a t i o  of  0.875. The 
asymmetric conf igura t ion  shown a t  t h e  bottom l e f t  of  f i g u r e  5 was ob ta ined  
by removing an under-wing missile. F l u t t e r  then occurred a t  a r e f e r e u c e  
equiva len t  a i r speed  r a t i o  of 0.958. For  t h e  asymmetric c x t f i g u r a t i o n  of 
a wing-tip m i s s i l e  on one wing and un,ler-wing m i s s i l e  or. t h e  o t h e r  wing, 
a s  shown a t  t h e  bottom r i g h t  of f i g u r e  5 ,  no f l u t t e r  occurred out  t o  an 
equiva len t  a i r speod  r a t i o  of 1.05, The symmetrical c o n f i g u r a t i o n  f l u t t e r e d  
a t  a lower speed than e i t h e r  asymmetrical c o n f i g u r a t i o n  shown i n  f i g u r e  5 ,  
The effect ;  o f  asymmetrical s t o r e  c o n f i g u r a t i o n s  i n  t h i s  c a s e  i s  t o  . 
i n c r e a s e  t h e  f l u t t e r  speed.  
FLUTTER SPEED WITH AIR-TO-AIR MISSILES INCREASE'J BY USE OF BALLAST 
A l a r g e  p o r t i o n  of t h e  f l u t t e r  model test .s  was devoted t o  configu- 
r a t i o n s  w i t h  f o u r  a i r - t o - a i r  AIM-9J m i s s i l e s .  Pre l iminary  model t e s t  
r e s u l t s  a r e  given i n  f i g u r e  6a. For  t h e  b a s i c  f o u r  m i s s i l e  c o n f i g u r a t i o n  
symmetric f l u t t e r  occurred a t  Mach numbers 2.12 and 1.09, n e a r  t h e  r e q u i r e d  
f l u t t e r  margin of s a f e t y  boundary. As seen  i n  f i g u r e  6 a ,  removal of t h e  
t i p  m i s s i l e s  r e s u l t e d  i n  ant isymmetr ic  f l u t t e r  occur r ing  a t  reduced a i r -  
speeds a t  Mach number of 1 .0  and 1.07. This  f l u t t e r  mode was t h e  r e s u l t  
of  coupling between two c l o s e l y  spaced ant isymmetr ic  modes, under-wing 
m i s s i l e  p i t c h  a t  9.55 Hz, and wing f i r s t  bending a t  9.62 Hz. I n  view of 
t h e  above r e s u l t s ,  an a i j a l y t i c a l  and model paramet r ic  s tudy  was undertaken 
t o  e v a l u a t e  111ut;iods of  i n c r e a s i n g  t h e  f l u t t e r  speed by i n c r e a s i n g  t h e  
frequency s u p a r a t i o n  o f  these ' two modes. Methods examined inc luded  
moving t h e  under-wing m i s s i l e s  forward, s t i f f e n i n g  t h e  m i s s i l e  l aunchers ,  
and adding b a l l a s t  weight t o  t h e  m i s s i l e  l aunchers .  
When t h e  f i r s t  method (moving m i s s i l e  forward) was t e s t e d ,  t h e  model 
and a n a l y s i s  showed d i f f e r e n t  t r e n d s .  However, by r e f i n i n g  t h e  a n a l y s i s  
t o  i n c l u d e  aerodynamic i n t e r a c t i o n  between t h e  tiing and t h e  m i s s i l e ,  h e t t e r  
c o r r e l a t i o n  wi th  t h e  model r e s u l t s  was o t .  l ined .  The f l u t t e r  model r e s u l t s  
showed t h a t  a 0.254 meter forward movement of t h e  under-wing m i s s i l e  was 
b e n e f i c i a l  f o r  t h e  load ing  wi th  t h e  two under-wing m i s s i l e s ,  b u t  decreased  
t h e  f l u t t e r  speed t e n  percen t  f o r  t h e  f o u r  m i s s i l e  loading.  
The second metl~od, s t i f f e n i n g  tht? m i s s i l e  l aunchers ,  was s u c c e s s f u l  
i n  i n c r e a s i n g  the  f l u t t e r  speed ,  bu t  r e q u i r e d  t o o  l a r g e  a weight  p e n a l t y  
and was no t  considered an accep tab le  s o l u t i o n .  
The t h i r d  m t h o d ,  addjng a smal l  b a l l a s t  weight t o  t h e  m i s s i l e  
launchers ,  was s e l e c t e d  t o  improve t h e  f l u t t e r  c h a r a c t e r i s t i c s  of t h e  
four  m i s s i l e  case .  Bal lasted-launcher  t z s t  r e s u l t s  a r e  p resen ted  i n  
f i g u r e  6b, The changes i n  the  model from t h e  i n i t i a l  t e s t  a r e  s l i g h t l y  
lengthened m i s s i l e  l aunchers  ( requ i red  t o  accommodate p o t e n t i a l  change over 
t o  AIM-9L m i s s i l e s )  which hove a srall b a l l a s t  added i n  t h e  nose. With 
launcher  b a l l a s t ,  t h e  four-missi le  load ing  ( f i g u r e  6b) f l u t t e r e d  a t  a Mach 
number of L.10, a t  an a i r speed  s l i g h t l y  h igher  than t h e  i n i t i a l  case  ( f l g u r e  
6aI .  The load ing  wi th  t h e  r i p  m i s s i l e  removed showed no f l u t t e r  ( f i g u r e  

6h)  nut t n  a  Plach nunher of 1.13. The model t e s t  was terminated a t  t h i s  
po in t  (near  maximum tunncjl tlvno*tdc l ~ r e s s u r e )  due t o    he development of a  
l a t e r a l  i n s t a b i l i t y  of thc model on t h e  c a b l a s .  With the  a d d i t i o n  of  
ba l lc i s  t  t o  each a i r p l a n e  launcher ,  s u b s t a n t i a l  improvement i n  f l u t t e r  
c h a r a c t e r i s t i c s  f o r  the  load ing  w i t h  t h e  t i p  m i s s i l e  removed is  seen .  
T h i s  r e s u l t  impacted t h e  a i r p l a n e  design i n  t h a t  t h e  a i r p l a n e  m i s s i l e  
launchers  have been modified f o r  f l u t t t r  speed improvement. 
F l u t t e r  model t e s t  r e s u l t s  f o r  a GBU-8/B heavy air-to-ground 
weapon (1027 Kg, 2265 LBLl) a r e  p resen ted  i n  f i g u r e  7. This  p a r t i c u l a r  
bomb is t h e  only one out  of t h e  l is t  of  air-to-ground weapons which may 
be marginal. from a f l u t t e r  s tandpoin t .  A l l  o t h e r  weapons c a r r ! ~ d  a t  t h e  
6 3  percen t  span have more than t h e  requ i red  f l u t t e r  margin cf s a F e t y  based 
on model t e s t  r e s u l t s .  
Mild symmetric f l u t t e r  was observed j u s t  beyond t h e  r e q u i r e d  
c a r r i a g e  envelope (0.9 Mach). This  f l u t t e r  was preceded by a  wide batl~l 
o f  lowly damped o s c i l l a t i o n s  a s  shown on t h e  r i g h t  of f l g u r e  7. Simil:%r 
r e s u l t s  were obtained w i t h  a h a l f  f u l l  1400 l i t e r  (370 gal1.m) tank  adJed 
t o  t h e  wing a t  t h e  inboard s t a t i o n  a s  shown on t h e  l e f t  of f i 5 u r d  7 .  The 
f l u t t e r  occurred a t  approximately t h e  same a i r s p e e d ,  but  a t  a  lower Mach 
number. Again t h e  f l u t t e r  p o i n t s  were o u t s i d e  t h e  f l i g h t  boundary. 
Var ia t ions  i n  weapon pylon s t i f f n e s s  d+.d not  s i g n i f i ~ a ~ t l y  change t h e  
t e s t  r e s u l t s .  
The t u n n e l  r e s u l t s  i n d i c a t e  t h e  p o s s i b i l i t y  of encounte r ing  some 
lowly damped o s c i l l a t i o n s  i n  f l i g h t  a l though l i m i t e d  p a s t  experience ( r e f .  
6 )  has  shown t h i s  phenomena t o  be more preva len t  i n  t h e  wind t u n c e l  than  
i n  f l i g h t .  P o s s i b l e  a l t e r n a t e  c a r r i a g e  c o n f i g u r a t i o n s  f o r  t h i s  heavy 
weapon were i n v e s t i g a t e d  i n  t h e  wind tunne l .  Conf igura t ions  without  t h e  
AIH-9J m i s s i l e s  o r  wi th  t h e  wing t i p  m i s s i l e  moved inboard t o  t h e  under- 
wing m i s s i l e  s t a t i o n  were shown t o  s ~ b s t a n t i a l l v  i n c r e a s e  t h e  f l u t t e r  
speed. 
CXIIERNAL TANK FUEL ['SAGE SEQUENCE CHANGE INCREASES FLUTTER SPFED 
Externa l  tank f u e l  usage sequence w l s  found t o  be  important  f o r  n 
downloading of  t h e  f o u r  m i s s i l e  a i r - t o - a i r  c o n f i g u r a t i o n  w i t h  a  p a r t i a l l y  
f111l 1400 l i t e r  (370 g a l l o n )  f u e l  tank a t  t h e  inboard  s t a t i o n .  Tile e f f e c t  
nE tank f u e l  usage sequence on f l u t t e r  speed wi th  t h e  tanks h a l f  f u l l  i s  
prcscntc!cl i n  f i g u r e  8. The conf igura t ion  shown a t  t h e  top of  f i g u r e  8 
c o n s i s t s  of t h e  f u e l  tanks and under-wing AIM-9J mir is i les .  The h a l f  f u l l  
tank shown i n  t h e  I . o ~ e r  tank s k e t c h  s imula tes  t h e  i n l t i - 1  f u e l  usage 
sequence: forward hav f i r s t ,  then a f t  bay, then c e n t e r  bay. Antisym- 
met r ic  C l u t t e r  occurred f o r  t h i s  c o n f i g u r a t i o n .  


The f l u t t e r  onset was preceded by a period of lowly damped response. 
Substant ia l  improvement i n  f l u t t e r  speed is shown f o r  t he  ha l f  f u l l  tank 
(upper tank sketch) with the  f u e l  usage sequenced s o  t h a t  f u e l  was used 
out of the  center  bay f i r s t .  This modified f u e l  sequencing increases  by 
a f ac to r  of four t h e  p i t ch  moment of i n e r t i a  about t he  tank center-of- 
gravity f o r  t h e  ha l f - fu l l  tank and el iminates f l u t t e r .  'Phis r e s u l t  
impacted the  a i rp l ane  i n  t h a t  the  external  f u e l  tank usage sequence has 
been modified f o r  f lu tpe r  improvement. 
CONCLUDING REMARKS 
A l a rge  f u l l  span f r e e  f ly ing  model has proved t o  b e  an e f f e c t i v e  
too l  i n  defining f l u t t e r  cha rac t e r i s t i c s  p r i o r  t o  f l i g h t  t e s t s  of a high 
performance a i rp l ane  with external  wing s to re s .  Sa t i s f ac to ry  ca r r i age  
has been demonstrated f o r  a wide va r i e ty  of ex te rna l  s t o r e  loadings.  
The model t e s t  r e s u l t s  were used t o  v e r i f y  a n a l y t i c a l  methods and 
resul ted  i n  improved ca r r i age  capabi l i ty  of  c e r t a i n  s t o r e  loadings by 
changes t o  the  miss i le  launcher and external  tank f u e l  usage sequence. 
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